Harbour porpoises are one of the three cetacean species inhabiting the Black Sea. This is the first study to report on polybrominated diphenyl ethers (PBDEs) and naturally-produced compounds, methoxylated PBDEs (MeO-PBDEs) and polybrominated hexahydroxanthene derivatives (PBHDs), in tissues (kidney, brain, blubber, liver, muscle) of male harbour porpoises (11 adults, 9 juveniles) from the Black Sea. Lipid-normalized concentrations decreased from muscle > blubber > liver > kidney > brain for the sum of polychlorinated biphenyls (PCBs) and for the sum of PBDEs. Among the naturally-produced compounds, levels of PBHDs were higher than of MeO-PBDEs, with tri-BHD and 6-MeO-BDE 47 being the dominant compounds for both groups, respectively. Concentrations of naturally-produced compounds decreased from blubber to brain, similarly to the sum of DDT and metabolites (DDXs). Concentrations of DDXs were highest, followed by PCBs, HCB, PBHDs, PBDEs and MeO-PBDEs. Levels of PCBs and PBDEs in blubber were lower than concentrations reported for harbour porpoises from the North Sea, while concentrations of DDXs were higher.
Introduction
Polychlorinated biphenyls (PCBs) and polybrominated diphenyl ethers (PBDEs) are two groups of lipophilic anthropogenic compounds which are banned in Europe since the 1970s (PCBs) and in 2008 (PBDEs) . PCBs and PBDEs were used in electrical devices, textiles, furniture and other household products, foams and plastics (ATSDR, 2001 (ATSDR, , 2004 Birnbaum and Staskal, 2004) . Both groups of pollutants consist of 209 different congeners, which differ in the number and the position of the chlorine or bromine atoms, respectively. The biochemical and physical characteristics are therefore different for each congener, thereby influencing their fate, distribution and toxicity in wildlife and in the environment. As a result, PCBs and PBDEs are still present in ecosystems (Ruus et al., 1999; Boon et al., 2002; Borgå et al., 2004; Johnson-Restrepo et al., 2005; Burreau et al., 2006) . In these systems, concentrations of PCBs and PBDEs tend to biomagnify throughout food chains, ultimately reaching high levels in tissues of top predators (Ruus et al., 1999; Boon et al., 2002; Johnson-Restrepo et al., 2005) . Marine mammals are situated at the top of their food chains and accumulate considerable amounts of chemicals in their bodies causing adverse or toxic effects.
Besides PCBs and PBDEs, hexachlorobenzene (HCB) and pesticides (p,p 0 -DDT, p,p 0 -DDE, p,p 0 -DDD, o,p 0 -DDT, o,p 0 -DDE and o,p 0 -DDD) are well known anthropogenic pollutants. HCB was formerly used as a fungicide, but its production and use have been banned globally after the discovery of its carcinogenic nature and its high toxicity in aquatic organisms (ATSDR, 2002) . Organochlorine pesticides, such as DDT and its metabolites (DDE and DDD) , are proven to be beneficial for controlling insects in agriculture and also for preventing malaria. Although OCPs were once widely used, nowadays, they are banned in most regions of Europe and North-America. Yet, some OCPs are still in use in a number of countries surrounding the Black Sea (East-Europe) (Fillmann et al., 2002) , in Asia and in South-America.
Recently, attention has been drawn towards the presence of naturally-produced compounds, such as methoxylated PBDEs (MeO-PBDEs) and polybrominated hexahydroxanthene derivatives (PBHDs) in aquatic ecosystems (Melcher et al., 2007; Covaci et al., 2008; Weijs et al., 2009b; Pena-Abaurrea et al., 2009 ). MeO-PBDEs can biomagnify in the food chains, acting in the same way as the anthropogenic PBDEs (Kelly et al., 2008; Losada et al., 2009; Weijs et al., 2009b) .
Next to short-beaked common dolphins (Delphinus delphis ponticus) and bottlenose dolphins (Tursiops truncatus ponticus), harbour porpoises (Phocoena phocoena relicta) are one of three cetaceans inhabiting the Black Sea (Birkun, 2003; Tonay et al., 2007) . Porpoises from the Black Sea are currently classified as 'endangered' (IUCN Red List of Threatened Species, 2008) as they suffer from habitat loss, accidental entanglement in fishing gear and pollution with metals and organic compounds (Madhusree et al., 1997; Tanabe et al., 1997a,b; Joiris et al., 2001; Birkun, 2003; Das et al., 2004) . The Black Sea acts as a sink for chemicals as it receives high loads of pollutants through run-off from the surrounding countries and because it is linked to the Mediterranean Sea only through the Marmara Sea (Tanabe et al., 1997a) . As a consequence, porpoises from the Black Sea are isolated from their counterparts in other European waters, migrate only on a small scale and spend their entire life in the same area (Fontaine et al., 2007; Viaud-Martinez et al., 2007) .
To our knowledge, this is the first study to report on anthropogenic and naturally-produced brominated compounds in tissues of harbour porpoises from the Black Sea. The aims of this study were to discuss levels and profiles of anthropogenic and naturally-produced compounds in harbour porpoises from the Black Sea and to investigate the distribution of these pollutants between tissues in these animals.
Materials and methods

Samples, chemicals and target compounds
Blubber, liver, muscle, kidney and brain samples were collected from 20 male harbour porpoises (Phocoena phocoena; 9 juveniles and 11 adults) stranded or bycaught in the Black Sea in 1998 (Fig. 1) . In all samples, 39 PCB congeners (IUPAC numbers: CB 18, 28, 31, 44, 47, 49, 52, 74, 87, 95, 99, 101, 105, 110, 118, 128, 132, 138, 146, 149, 151, 153, 156, 158, 170, 171, 172, 174, 177, 180, 183, 187, 194, 195, 196/203, 199, 203, 205, 209), 8 PBDEs (IUPAC numbers: BDE 28, 47, 49, 99, 100, 153, 154, 183) 
and HCB were targeted. In addition, two naturally-produced methoxylated PBDEs (2 0 -MeO-BDE 68 and 6-MeO-BDE 47), together with tri-BHD and tetra-BHD were investigated. Standards were from Wellington Laboratories (PBDEs and MeO-PBDEs), from Dr. Ehrenstorfer Laboratories (PCBs) and a gift from Walter Vetter (PBHDs).
Sample preparation
The method used for the sample extraction and clean-up has been previously described (Covaci et al., 2008) and is briefly presented below. Approximately 2 g of liver and brain, 0.2 g of blubber and 3 g of muscle and kidney were dried with $8 g anhydrous Na 2 SO, spiked with internal standards BDE 77/BDE 128 (25 ng) and CB 143 (100 ng) and extracted for 2 h by hot Soxhlet with 100 ml hexane/acetone (3/1; v/v). After lipid determination (performed on an aliquot of the extract), the extract was cleaned on 8 g of acidified silica. After elution of analytes with 20 ml hexane and 15 ml dichloromethane, the cleaned extract was evaporated to dryness and reconstituted in 150 ll iso-octane.
Analysis
PBDEs, MeO-PBDEs and PBHDs were measured with an Agilent 6890 gas chromatograph coupled with a 5973 mass spectrometer system (GC-MS). The GC was equipped with a 30 m Â 0.25 mm Â 0.25 lm DB-5 capillary column. The MS was operated in electron capture negative ionisation (ECNI) mode and was used in the selected ion-monitoring (SIM) mode with ions m/z = 79 and 81 monitored during the entire run. PCBs, HCB and DDXs were measured with a similar GC-MS system as for the PBDE determination, operated in electron ionisation (EI) mode and equipped with a 25 m Â 0.22 mm Â 0.25 lm HT-8 capillary column (SGE, Zulte, Belgium). The MS was used in the SIM mode with two ions monitored Fig. 1 . The Black Sea -map of the study area. Source: climatelab.org/Bucharest_Convention for each PCB homologue group. The latter system (GC-EI/MS) was also used for confirmation of organobromine compounds.
Quality assurance/quality control (QA/QC)
Recoveries for individual PBDE congeners were between 87% and 104% (RSD < 12%), while recoveries of PCBs ranged between 75% and 90% (RSD < 10%). For each analyte, the mean procedural blank value was used for subtraction. After blank subtraction, the limit of quantification (LOQ) was set at three times the standard deviation of the procedural blank, which ensures >99% certainty that the reported value is originating from the sample. For analytes that were not detected in procedural blanks, LOQs were calculated for a ratio S/N equal to 10. LOQs depended on the sample intake and on the analyte and ranged between 1 and 4 ng/g lipid weight (lw). QC was performed by regular analyses of procedural blanks, by random injection of standards and solvent blanks. A standard reference material SRM 1945 (PCBs and PBDEs in whale blubber) was used to test the method accuracy. Obtained values were not deviating more than 10% from the certified values. The QC scheme is also assessed through regular participation to interlaboratory comparison exercises organised by the US National Institute of Standards and Technology.
Statistical analysis
Statistical analyses were conducted using the SPSS 15.0 statistical package. The level of statistical significance was defined at p < 0.05. For concentrations below the LOQ, a value of ½ LOQ was used. Outliers in all groups were detected by making boxplots. Non-parametric statistical tests were used since the data were found to have a non-normal distribution (Shapiro Wilk's statistical test). Differences in the concentrations and profiles of PCBs and PBDEs were compared between the two age-groups (adult males and juvenile males) using Kruskal-Wallis. Spearman's correlation coefficients were calculated using GraphPad Prism 4 (GraphPad Software, Inc.).
Results
Lipids
Lipid percentages ranged in general from 1.97-4.93% for kidney, 7.80-18.5% for brain, 2.64-5.54% for liver, 0.22-7.33% for muscle and 87.6-97.3% for blubber in the present study. Concentrations discussed here are all lipid-normalized.
Levels and profiles of PBDEs
BDE 183 could not be detected in any sample, while BDE 47 was the most dominant PBDE congener in all samples representing between 50% and 72% of total PBDEs. Profiles were consistent among adults, with BDE 47 > BDE 100 > BDE 99 > BDE 154 in all tissues. In contrast, there was some variation in juveniles with BDE 100 and 99 switching places depending on the type of tissue. Similar to sum PCBs, levels of sum PBDEs decreased from muscle to blubber, liver, kidney and brain (Table 1) . No age influence was found as there were no significant differences in sum PBDEs (or any individual PBDE congener) between adults and juveniles in all tissues (all p > 0.05).
Occurrence of naturally-produced organobromines
Tri-BHD, tetra-BHD, 2 0 -MeO-BDE 68 and 6-MeO-BDE 47 were targeted in the present study. Among MeO-PBDEs, 6-MeO-BDE 47 was the most dominant compound. Tri-BHD had the highest concentrations for PBHDs and for all naturally-produced organobromines in total. Although concentrations of sum MeO-PBDEs were lower in adults compared to juveniles, no statistical significant differences were found for the sum MeO-PBDEs between adults and juveniles in all tissues (all p > 0.05), except for brain (median concentrations of 2.3 and 3.1 ng/g lw for adults and juveniles, respectively (p = 0.041)). Levels of sum PBHDs were higher in adults than in juveniles, although only they were statistically different for concentrations in blubber (median concentrations of 2204 and 1509 ng/g lw for adults and juveniles, respectively (p = 0.004)). In addition, the highest concentrations of sum PBHDs and of sum MeO-PBDEs were found in blubber, while the lowest concentrations were in brain.
Levels and profiles of PCBs
Concentrations of sum PCBs decreased from muscle > blubber > liver > kidney > brain (Table 1) . In all tissues and in both age-groups (adult males and juvenile males), CB 153 was the predominant congener (17-21% of sum PCBs), followed by CB 138 and CB 149. For adults, CB 99 was the fourth congener as abundance, replaced by CB 118 in juveniles. The next congeners were CB 95 or CB 180, depending on the age-group and on the tissue. CB 31 could only be detected in some brain samples. No differences were found for the sum PCBs between the adults and the juveniles in kidney, brain and liver (all p > 0.05), while significant differences were found in blubber (medians of 13,215 and 6956 ng/g lw in adults and juveniles, respectively (p = 0.003)) and muscle (medians of 17,420 and 11,707 ng/g lw in adults and juveniles, respectively (p = 0.016)).
Levels and profiles of DDXs and HCB
Results for HCB and sum DDXs (o,p 0 -DDT, -DDE, -DDD and p,p 0 -DDT, -DDE, -DDD) show that, for both age-groups, HCB levels were highest in liver, while sum DDXs were highest in blubber. Brain had the lowest concentrations of HCB and DDXs (Table 1) . Significant age-related differences for HCB were found in all tissues, except in kidney, while concentrations of sum DDXs differed significantly between adults and juveniles in brain (medians of 4821 and 2921 ng/g lw in adults and juveniles, respectively (p = 0.024)), in muscle (medians of 75,821 and 42,964 ng/g lw in adults and juveniles, respectively (p = 0.003)) and in blubber (medians of 77,329 and 40,891 ng/g lw in adults and juveniles, respectively (p = 0.002)). Among DDXs, p,p 0 -DDE and p,p 0 -DDD were the most dominant compounds, contributing to more than 90% to the sum DDXs. o,p 0 -DDE represented the DDX compound with the lowest concentration in all animals.
Discussion
To our knowledge, the present study is the first to report on the levels of PBDEs and naturally-produced brominated compounds (MeO-PBDEs and PBHDs) in marine mammals from the Black Sea. The Black Sea represents a semi-enclosed area, linked to the Mediterranean Sea only through the Marmara Sea (Fig. 1) . The Black Sea receives high loads of pollutants through run-off from the surrounding countries, from which some are still using banned/restricted POPs, and is of great economical importance for the people inhabiting these countries (Fillmann et al., 2002) .
Distribution between tissues
The highest lipid percentages were consistently found in blubber, while the lowest percentages could be detected in kidney and muscle. The lipid percentages of each tissue seemed to be consistent, since no statistically significant differences were found between adults and juveniles. Lipid results from the present study were also comparable to those from other studies. Lipid percentages in porpoises analysed by Kannan et al. (1993) , Tanabe et al. (1997a) and Berge et al. (2004) fall, in general, well in the ranges reported in the present study. Duinker et al. (1989) analyzed harbour porpoises from the North Sea between 1977 and 1979 and found percentages ranging from 1.4% to 6.7% for kidney, 5.3-13.9% for brain, 2.1-8.6% for liver, 0.5-7.9% for muscle and 54.2-93.5% for blubber.
Due to differences in the function and in the lipid percentage between tissues and in the biochemical properties of the pollutants, the distribution of the chemicals may vary significantly in the animal's body. For sum PCBs and sum PBDEs, concentrations were higher in muscle, followed by blubber, liver, kidney and brain, respectively. Some PCB and PBDE congeners are highly lipophilic and are therefore primarily stored in blubber, which explains the high levels of PCBs in blubber. For similar reasons, PCB and PBDE concentrations in kidney were relatively low. Brain tissue often has a higher lipid percentage than muscle, liver and kidney. However, most likely due to the blood-brain barrier, concentrations of chemicals are usually lower than levels in any other tissue investigated in the present study (Bernhoft and Skaare, 1994) .
For the sum MeO-PBDEs, sum PBHDs and the sum DDXs, blubber had the highest concentrations, followed by muscle, liver, kidney and brain, respectively. These compounds are lipophilic, naturally-produced (MeO-PBDEs and PBHDs) or still in use (DDT), which increases their bioaccumulative potential. For HCB, a different pattern was found with the highest concentrations in liver followed by muscle, blubber, kidney and brain respectively. The distribution of all investigated compounds remained the same in both age-groups (adults and juveniles), suggesting that partitioning between tissues is not changing over time or with age.
Levels and profiles
CB 153 and BDE 47 were predominant among PCBs and PBDEs, respectively. This is a typical and well known finding, not only in several marine mammal species (e.g. Covaci et al., 2002; JohnsonRestrepo et al., 2005; Ikonomou and Addison, 2008; Shaw et al., 2008 Shaw et al., , 2009 Montie et al., 2009; Weijs et al., 2009a) , but in various fish species (Voorspoels et al., 2003 (Voorspoels et al., , 2004 Johnson-Restrepo et al., 2005; Shaw et al., 2009 ) as well. CB 153 was followed by CB 138 and CB 149, which is different from PCB profiles in pinnipeds (Weijs et al., 2009a) , but similar to the profile in harbour porpoises from the North Sea (Weijs et al., 2009a) and again very specific for harbour porpoises. Due to bioaccumulation with age and a reduced metabolism of some PCB congeners, levels of sum PCBs were consistently higher for adults than for juveniles in each tissue, although these differences were only statistically significant for muscle and blubber. In contrast, levels of sum PBDEs in kidney and brain of juveniles were higher compared to the levels in adults. The higher concentrations of sum PBDEs in brain in particular, are of concern, since the juvenile stage is an important time period in the development of the brain and for the animal in general. Profiles of PCB and PBDE congeners may differ in both age classes, probably due to an age-related potential for metabolism or a slow elimination of some congeners received from the mother during gestation or lactation (Debier et al., 2003a,b) .
To enable comparisons with previous reports, the ratio of each of the seven PCBs (IUPAC numbers 28, 52, 101, 118, 138, 153 and 180) , proposed by the International Council for the Exploration of the Sea (ICES) to CB 153 was calculated for the liver and blubber of harbour porpoises from the Black Sea and the North Sea (data of liver and blubber from Covaci et al. (2002) and Weijs et al. (2009a) , respectively; Fig. 2 ). Higher ratios of lower chlorinated PCBs for both liver and blubber were found in the Black Sea porpoises, compared to the North Sea counterparts. This might be due to the historical use of different Aroclor mixtures in both areas. CB 180 is present in a higher proportion in Aroclor 1260 whereas CBs 101, 118 and 138 are indicative for Aroclor 1254 (Thompson et al., 1996) . Although CB 153 is the predominant congener in this study and in other studies conducted in the North Sea (Covaci et al., 2002; Weijs et al., 2009a) and the ratios of CB 180 and CB 138 to CB 153 are similar in both areas, the higher ratio of CB 101 and CB 118 to CB 153 in the Black Sea might be indicative for a higher use of PCB mixture Aroclor 1254 in the Black Sea area compared to the North Sea.
Levels of PCBs and PBDEs in blubber and liver were lower than concentrations reported for harbour porpoises from the North Sea (Covaci et al., 2002; Weijs et al., 2009a) and were also lower than levels of PCBs measured in blubber of adult males from the Black Sea in 1993 (Tanabe et al., 1997a) . This is the first study to report on PBDEs in harbour porpoises from the Black Sea, therefore, there are no results of PBDEs in Black Sea marine mammals to compare with. Overall, PBDEs had only a minor contribution in the animals (Fig. 3) , suggesting that PBDEs were not consistently used before 1998 in countries surrounding the Black Sea.
For DDXs, the p,p 0 -metabolites (p,p 0 -DDE and p,p 0 -DDD) had the highest concentrations among all DDXs and in all tissues, while o,p 0 -DDE had the lowest levels. Higher contributions of the p,p 0 -DDX metabolites were previously also found by Montie et al. (2009) in cerebellum grey matter and cerebrospinal fluid of Atlantic white-sided dolphins, by Covaci et al. (2002) in liver of harbour porpoises, and by Hoekstra et al. (2003) in blubber of bowhead whales, beluga whales, ringed seals and bearded seals. Increasing concentrations of p,p 0 -DDE and decreasing concentrations of p,p 0 -DDT can be explained by a higher metabolism of DDT in marine mammals relative to their prey together with the bioaccumulation of DDT metabolites, as suggested by Hoekstra et al. (2003) . Concentrations in adults were, in general, higher than in juveniles, indicating bioaccumulation over time. The highest concentrations found by Hoekstra et al. (2003) for sum DDXs were reported in blubber of beluga whales with an average of 1979 ± 231 ng/g lw (mean and standard error, SE), which is more than 39 and 21 times lower than levels in blubber of adult and juvenile harbour porpoises from the present study. Also, concentrations of sum DDXs exceed by far the concentrations found in liver of harbour porpoises from the North Sea (3.4 ± 2.3 lg/g lw (mean ± SD; Covaci et al., 2002) . Considering an average lipid percentage of 90% in blubber of harbour porpoises from the Black Sea, concentrations reported in Tanabe et al. (1997b) were 77,800 ng/g lw for male porpoises (adult and juvenile) from the Black Sea and 5200 ng/g lw for male porpoises (adult and juvenile) from Hokkaido (Japan). Results from the present study were about 10-15 times higher than concentrations from Hokkaido, however, they were lower than levels reported for male porpoises from the Black Sea in 1993 indicating that DDX concentrations decreased slightly in a 5 year period.
MeO-PBDEs and PBHDs have been suggested to be produced by marine organisms, such as algae and sponges (Vetter et al., 2002; Malmvärn et al., 2008) . These compounds have been reported previously in whale and fish oil (Teuten and Reddy, 2007; Covaci et al., 2007) , in fish and in marine mammals (Vetter et al., 2002; Pettersson et al., 2004; Melcher et al., 2005; Losada et al., 2009; Weijs et al., 2009b) . To date, no reports on their presence of algae and sponges in the Black Sea are available. Among MeO-PBDEs, 6-MeO-BDE 47 was the most dominant compound, as indicated for marine mammals from the Northern hemisphere in general (Weijs et al., 2009b) . Although not statistically significant, adults had lower concentrations of sum MeO-PBDEs compared to the juveniles, suggesting that they are more capable of metabolic breakdown or elimination of these naturally-produced compounds than juveniles or that the juveniles have a high 'start' concentration due to maternal placental transfer to offspring. This finding was also reported for adult male and juvenile male harbour seals and porpoises from the North Sea (Weijs et al., 2009b) . Concentrations of MeO-PBDEs were lower compared to those in cetaceans from Canada, Japan, Australia and Europe (Kelly et al., 2008; Marsh et al., 2005; 2008; Weijs et al., 2009b) (Table 2) . Tri-BHD (2,7-dibromo-4a-bromomethyl-1,1-dimethyl-2,3,4,4a,9,9a-hexahydro-1H-xanthene) had the highest concentration among all naturally-produced compounds. Concentrations of sum PBHDs were more than 10 times higher than concentrations in blubber of harbour porpoises from the North Sea (Weijs et al., 2009b) . Except for kidney, concentrations were higher (only statistically significant for blubber) with age, again indicating bioaccumulation over time or a reduced metabolism with age. For both age-groups, sum DDXs > sum PCBs > HCB > sum naturally-produced organobromines > sum PBDEs for kidney, brain and liver. For muscle and blubber, the contribution of sum naturally-produced organobromines was higher compared to HCB (Fig. 3) . A higher presence of DDXs compared to PCBs was reported previously for harbour porpoises from the Black Sea, being different from the North Sea (Tanabe et al., 1997b) . To check for possible relationships between the concentrations of sum PCBs, sum PBDEs, sum DDXs, sum naturally-produced organobromines and HCB and the feeding ecology (assessed through stable isotope analyses, Das et al., 2003 Das et al., , 2004 were used to investigate the influence of trophic position on the levels of the organohalogenated compounds in the present study. However, none of these correlations were significant (Spearman; all p > 0.05).
Conclusions
The Black Sea is a region that is linked to the Mediterranean only through the Marmara Sea and thus the exchange of seawater is limited. This means that the input of anthropogenic pollutants in the Black Sea is largely influenced by the run-off from the surrounding countries. Harbour porpoises from the Black Sea spend their entire life in this area and are exposed to a typical mixture of pollutants. To our knowledge, the present study is the first to characterize the presence of anthropogenic PBDEs and naturallyproduced compounds (MeO-PBDEs and PBHDs) in tissues of adult and juvenile male harbour porpoises sampled in 1998 from the Black Sea. Profiles and levels of anthropogenic and naturally-produced compounds varied with age and between different tissues. However, our results show that concentrations of PBDEs were low, indicating that PBDEs were not commonly used in the 1990s in the countries surrounding the Black Sea. In contrast, DDXs and especially p,p 0 -DDE, were dominant in the overall profiles in all tissues, suggesting that DDT was still used at least in some countries around the Black Sea. Harbour porpoise -Phocoena phocoena; harbour seal -Phoca vitulina; humpback dolphin -Sousa chinensis; bottlenose dolphin -Tursiops truncatus; ringed sealPhoca hispida; Beluga whale -Delphinapterus leucas; common dolphin -Delphinus delphis; striped dolphin -Stenella coeruleoalba; minke whale -Balaenoptera acutorostrata; Baird's beaked whale -Berardius bairdii; melonhead whale -Peponocephala electra; pygmy sperm whale -Kogia breviceps. a Only results from males. b Concentration in adult males -concentration in juvenile males (values are medians).
